Species-driven changes in nitrogen cycling can provide a mechanism for plant invasions
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Edited by David Schimel, NEON, Inc, Boulder, CO, and accepted by the Editorial Board May 29, 2009 (received for review January 28, 2009) Traits that permit successful invasions have often seemed idiosyncratic, and the key biological traits identified vary widely among species. This fundamentally limits our ability to determine the invasion potential of a species. However, ultimately, successful invaders must have positive growth rates that longer term result in higher biomass accumulation than competing established species. In many terrestrial ecosystems nitrogen limits plant growth, and is a key factor determining productivity and the outcome of competition among species. Plant nitrogen use may provide a powerful framework to evaluate the invasive potential of a species in nitrogen-limiting ecosystems. Six mechanisms influence plant nitrogen use or acquisition: photosynthetic tissue allocation, photosynthetic nitrogen use efficiency, nitrogen fixation, nitrogenleaching losses, gross nitrogen mineralization, and plant nitrogen residence time. Here we show that among these alternatives, the key mechanism allowing invasion for Pinus strobus into nitrogen limited grasslands was its higher nitrogen residence time. This higher nitrogen residence time created a positive feedback that redistributed nitrogen from the soil into the plant. This positive feedback allowed P. strobus to accumulate twice as much nitrogen in its tissues and four times as much nitrogen to photosynthetic tissues, as compared with other plant species. In turn, this larger leaf nitrogen pool increased total plant carbon gain of P. strobus two-to sevenfold as compared with other plant species. Thus our data illustrate that plant species can change internal ecosystem nitrogen cycling feedbacks and this mechanism can allow them to gain a competitive advantage over other plant species.
ecosystem feedbacks ͉ plant nitrogen use T he rate of biological plant invasions is accelerating (1) . Invasions can have significant impacts on the biodiversity (2), disturbance regimen (3) , and water and nutrient cycling (4) of ecosystems. Specific invader success has been attributed to factors such as specific leaf area (5) , water use efficiency (6) , resistance to disturbance (7) , herbivore resistance (8) , escape from natural enemies (9) , and plant-soil feedbacks (10, 11) . However, among invasive species, only a few general plant traits, such as vegetative reproduction, self pollination, phylogeny (i.e., other successful invaders in the family or genus) and native geographic range have been identified (12, 13) . This fundamentally limits our ability to determine the invasion potential of a species.
Ultimately, all plants need to produce biomass and successful invaders need to maintain a positive growth rate during the initial establishment phase (14) and eventually many successful invaders accrue significantly more biomass than established competitors (2, 15) . Therefore, if high biomass accumulation is key for the success of an invader and if the growing season of the invader corresponds with the native established species, we must understand how it can successfully maintain a positive growth rate and accumulate more biomass than its competitors. In many temperate-zone terrestrial ecosystems plant biomass production is limited by nitrogen (16) , and nitrogen is a key factor determining the outcome of interspecific competition in these ecosystems (17) . Therefore to elucidate how and why a plant species is a successful invader in a nitrogen-limited environment, we need to understand species-specific patterns of plant nitrogen use and related species-driven changes in nitrogen gains and losses within ecosystems, using a systematic approach.
Plants can use two different nitrogen-based strategies to maximize productivity in nitrogen-limited systems: increased carbon gain per unit plant nitrogen, or increased total plant nitrogen pool (Fig. 1) . Given equal pools of plant nitrogen among species, higher plant carbon gain per unit plant nitrogen can be achieved either by allocating proportionally more nitrogen to photosynthetic tissues (18) or by having a higher photosynthetic efficiency through higher carbon gain per unit leaf nitrogen (19) . Both mechanisms increase plant carbon gain per unit plant nitrogen because most nitrogen within leaves is used for Rubisco (19) , the central enzyme involved in carbon-fixation by plants, and there is a positive linear correlation between photosynthetic rate and leaf nitrogen concentration (20) . Therefore, if a given species allocates proportionally more nitrogen to photosynthetic structures relative to other species, it will increase its carbon gain per unit plant nitrogen, as seen in some invasive annual grasses (21) . Alternatively, increasing the rate of carbon fixation per unit leaf nitrogen also increases total plant carbon gain per unit plant nitrogen and species differ in this rate (22) (23) (24) and successful invasive species can have higher photosynthetic nitrogen use efficiency (22) . However, the largest increases in plant carbon per unit leaf nitrogen occur in plants that use the C 4 photosynthetic pathway. C 4 plants use their Rubisco more efficiently than C 3 plants by increasing internal leaf CO 2 concentrations (19) , allowing several C 4 species to be successful invaders (25) . This mechanism, however, is taxonomically restricted to some annual and perennial grasses in the Poaceae (19) and to forbs in the family Chenopodiaceae and the genus Euphorbia (26) .
For a plant to increase the total amount of nitrogen in its biomass as compared with other established species, ecosystem nitrogen pools and fluxes have to change. Plant species can change ecosystem nitrogen pools and fluxes through the following: increased ecosystem nitrogen inputs via nitrogen fixation; reduced ecosystem nitrogen losses from nitrogen leaching; increased soil nitrogen turnover through changes in gross nitrogen mineralization; or reduced plant nitrogen turnover via increased plant nitrogen residence time (18) (Fig. 1) , which can be caused by longer-lived tissues and/or higher rates of nitrogen retranslocation from senescing tissues (27) . All four of these mechanisms have been cited as driving the success of some invaders. Higher ecosystem nitrogen pools caused by nitrogen fixation have been documented for the successful woody invaders Morella faya and Falcataria moluccana (28, 29) . For non-nitrogen-fixing plants, there are two main pools of nitrogen in the ecosystem, namely the plant nitrogen pool and soil nitrogen pool, with the soil nitrogen pool being significantly larger than the plant nitrogen pool (27) . A plant species that reduces nitrogenleaching losses or increases soil nitrogen turnover can increase the annual flux of nitrogen from the soil pool to the plant pool. Increases in nitrate leaching have been shown to facilitate the invasion of Bromus tectorum into arid and semiarid ecosystems (30) , whereas increased soil nitrogen turnover has been linked to plant species identity (31) and the success of invasive grasses in Hawaii (25) . At steady state, plants with low nitrogen residence time rapidly return a large proportion of the nitrogen in their biomass to the soil nitrogen pool through senescence and other annual leaf and root litter losses, allowing the soil nitrogen pool to be replenished annually. Invasion into nitrogen-limited systems by a plant species with a higher nitrogen residence time would reduce the annual flux of nitrogen from the plant pool back to the soil pool but not the nitrogen flux from the soil pool to the plant pool in the short term. Driven by higher plant nitrogen residence time, these changes in nitrogen fluxes would subsequently lead to positive feedback through nitrogen cycling, by annually enhancing the plant nitrogen pool while concurrently depleting the soil nitrogen pool (27) . High plant nitrogen residence time via increased tissue longevity is common to successful species in nutrient-poor conditions (32, 33) .
Thus, in total there are six mechanisms by which species can either use nitrogen more efficiently or acquire more nitrogen that could explain higher biomass accumulation in nitrogen limited systems of successful invaders (Fig. 1, I -VI). Here we identify key trait differences in plant nitrogen use and nitrogen cycling between Eastern white pine (Pinus strobus), a species that is rapidly invading prairies in central Minnesota (34) , two tree species that are encroaching at a much slower rate (35) , and four herbaceous grassland plant species that are being replaced.
We conducted a common garden study at the Cedar Creek Ecosystem Science Reserve in central Minnesota, a system in which nitrogen is the primary resource limiting plant productivity (36) . To examine species differences in nitrogen use and ecosystem nitrogen cycling, we established replicated closed mesocosms of seven grassland and forest species (and a bare-soil control). By containing the ecosystem nitrogen pool, we were able to evaluate all six potential mechanisms by explicitly quantifying species effects on both plant and soil total nitrogen pools and fluxes, which is essential for determining plant nitrogen use and ecosystem nitrogen gains and losses. We compared P. strobus to the two historically dominant but currently non-invasive oak species (Quercus ellipsoidalis and Q. macrocarpa) (35) , two dominant grasses that are being replaced by P. strobus; an introduced C 3 species Poa pratensis and a native C 4 species Schizachyrium scoparium; and two non-invasive native forbs that locally can attain high abundances in these systems, the nitrogen fixer Lespedeza capitata and the clonal forb Solidago canadensis.
Results
We found that P. strobus accrued nearly twice as much biomass as the next most productive species (Q. ellipsoidalis) and more than three times as much biomass relative to all other species . Successful invasion of species into these successional grasslands is driven by high invader carbon accrual (Level 2). In these systems, high plant carbon accumulation is dependent on the nitrogen use strategy (Level 3). Plants can maximize productivity through two nitrogen use strategies: increased carbon gain per unit plant nitrogen (Level 3a) or increased nitrogen in plant biomass (Level 3b). A plant can achieve the first strategy through two pathways: I) high proportional nitrogen allocation to leaves, or II) high carbon gain per unit leaf nitrogen. Alternatively, four possible pathways can drive an increased total plant nitrogen pool: III) high ecosystem level nitrogen inputs via nitrogen fixation; IV) low ecosystem-level nitrogen losses via leaching; V) high soil nitrogen pool turnover rate, as measured by gross nitrogen mineralization, resulting in a larger plant-available nitrogen pool; or VI) low plant nitrogen pool turnover via high leaf longevity.
( Fig. 2A) . Pinus strobus did not annually accrue more carbon per unit plant nitrogen than the two oak species (Fig. 3A) , did not proportionally allocate more nitrogen into photosynthetic tissues (Fig. 3B) , and did not have higher carbon gain per unit leaf nitrogen (Figs. 3C, 3D ). These results lead us to reject the hypothesis that P. strobus invasiveness reflects a nitrogen use strategy of increased carbon gain per unit plant nitrogen. However, P. strobus did accrue significantly more nitrogen in plant biomass as compared with any other species in the study (Fig. 2B) , which corresponded with a large decrease in total soil nitrogen (Fig. 2B) . This result supports the hypothesis that the higher productivity of P. strobus is caused by an increased biomass nitrogen pool [Supporting Information (SI) Table S1 and Fig. S1 ]. This increased plant nitrogen pool was not driven by increased ecosystem level nitrogen inputs (i.e., nitrogen fixation), as all plots lost nitrogen during the experiment (Fig.  4A) . Nitrogen leaching losses were not significantly different between P. strobus and the two oak species, and the total flux of nitrogen lost was too small to explain the observed productivity differences among species (Fig. 4B) . We also did not find any significant differences in soil nitrogen turnover rate among species, as determined by measurements of gross nitrogen mineralization (Fig. 4C) , nor in the rate of net nitrogen mineralization (Fig. S2) .
In contrast, we found that P. strobus had a significantly higher nitrogen residence time than all other species in the study (Fig.  4D) . The increased residence time of nitrogen resulted in the accumulation of three times as much nitrogen in photosynthetic tissue in P. strobus as compared with the two oak species (Fig.  2B) . We conclude that high nitrogen residence time was the key mechanism driving the significantly higher plant nitrogen pool and the high productivity of P. strobus (Table S2 and Fig. S3 ). High nitrogen residence time also drove a positive feedback on nitrogen cycling, resulting in the significantly larger depletion of soil nitrogen observed beneath P. strobus than the other species (Fig. 2B) . We found that nitrogen retranslocation of P. strobus did not differ significantly from the other species (data not shown), but the woody tissues and evergreen needles of P. strobus have higher tissue longevity. This resulted in higher plant nitrogen residence time and, in turn, higher totals plant nitrogen in P. strobus. In addition, this nitrogen was derived from the soil nitrogen pool and not from nitrogen fixation as has been hypothesized previously (37) .
Discussion
By examining these six mechanisms of plant nitrogen use (Fig.  1) , our study clearly illustrates that the ability of P. strobus to retain nitrogen in its tissues longer than other species is the key mechanism driving the observed levels of productivity. This longer nitrogen retention leads to lower plant nitrogen losses and a lower return of nitrogen to the soil. In contrast, the nitrogen released from the decomposition of the soil organic matter does not decrease over this time period, resulting in a depletion of the soil organic matter nitrogen pool, which is often observed under trees that are invading into grassland ecosystems (38, 39) . Thus the establishment of species into grasslands with high nitrogen residence times, such as P. strobus, can disrupt steady-state ecosystem nitrogen cycling, allowing the accumulation of nitrogen in the biomass. In the case of P. strobus, this accumulation of nitrogen in biomass resulted in more nitrogen in aboveground tissues, particularly leaves. With a larger leaf biomass nitrogen pool, P. strobus can photosynthesize more, accumulate more carbon, and, in turn, develop a canopy above the existing plant community. After this establishment phase, the newly developed woody perennial canopy allows P. strobus to reduce light levels to the herbaceous vegetation and subsequently to become competitively dominant (Fig. S4) . It should be noted that other mechanisms also can control plant invasions. In this system, fire can have an impact on the success of invading species because P. strobus and, to a lesser extent, Q. ellipsoidalis are more susceptible to fire than Q. macrocarpa and the other species.
Plant nitrogen use and the resulting species-driven changes in ecosystem nitrogen gains and losses can provide a framework to evaluate the invasive potential during the establishment phase of a species in nitrogen-limited ecosystems. This resource based framework cannot be applied to invasions in which community interactions, such as preemptive resource uptake (40) Species differences in plant and soil response variables were examined using one-way ANOVA and letters represent significant differences from post hoc Tukey tests for the total plant carbon pool (P Ͻ 0.05). (B) Increase in plant nitrogen and decrease in surface soil nitrogen under each species over 6 years (depth, 0 -10 cm), no species differences were found in lower soil depths. Species differences in plant and soil response variables were examined using one-way ANOVA and letters represent significant differences across species from post hoc Tukey tests (P Ͻ 0.05) for the change in the total plant nitrogen pool and the top 10 cm of the soil nitrogen pool. No species differences were found in the lower 40 cm of the mesocosm. Ps, Pinus strobus; Qe, Quercus ellipsoidalis; Qm, Q. macrocarpa; Lc, Lespedeza capitata; Pp, Poa pratensis; Ss, Schizachyrium scoparium; Sc, Solidago canadensis; BS, bare soil.
opathy (11), directly impact competition among species or in the case in which an invading species alters the ecosystem fire regimen (41) . However, this framework can be used to examine a number of important community interactions and plant traits which have been suggested as potential mechanisms driving invasion success. These include release from natural enemies (8), plant-herbivore interactions (8), plant-pathogen interactions (10), high growth rate (5), water use efficiency (6), nitrogen use efficiency (22) , nitrogen additions (42), fire (43) , and resistance to disturbance (7) . All of these potential mechanisms can be expressed and evaluated precisely in terms of plant nitrogen use, gain, and loss. This is because each of these interactions or traits . Species differences in plant and soil response variables were examined using one-way ANOVA; letters represent significant differences across species from post hoc Tukey tests (P Ͻ 0.05). For species abbreviations, see Fig. 2 . Roman numerals refer to the framework in Fig. 1 .
differentially affect plant species nitrogen use and therefore can change competitive outcomes between invasive species and the established plant community. Finally, this resource-based predictive framework provides a quantitative, functional basis to evaluate management options for invasive species control. Evaluation of plant nitrogen use dynamics can be used to determine whether management practices such as burning, introduction of natural enemies, and resource availability manipulations (44) can sufficiently change plant nitrogen use, loss, or gain to alter the competitive advantage held by an invasive species.
Materials and Methods
Experimental mesocosms were established at Cedar Creek Ecosystem Science Reserve in central Minnesota in late 2000. Soils are sandy and derived from glacial outwash (45), with nitrogen being the primary resource limiting plant productivity (36) . Mesocosms consisted of large plastic pots (60 cm in diameter and 50 cm in depth) that were dug into the ground so that the top of the pot was flush with the soil surface. Each pot drained into a hose, and there was an access tube next to the pot that collected all water draining from a pot. Each pot was filled with locally collected representative field soil, with the lower 40 cm being filled with subsurface soil and the top 10 cm being filled with topsoil. The data presented are a seasonal average across the four sampling dates. Gross nitrogen mineralization rates were determined using 15 N isotopic-pool dilution of homogenized sieved soil samples from the top 10 cm of the mesocosm (47) . Approximately 250 g soil (fw) was amended with 10 ml of 0.1309 mmol/l solution of ( 15 NH4)2SO4 (99% atom) in a resealable plastic bag and homogenized by hand to ensure even distribution of the solution throughout the bag. Soil samples were extracted immediately after 15 N addition and 24 hours after 15 N addition in 75 ml of 2 mol/l KCl. Isotopic samples were processed at the University of CaliforniaDavis Stable Isotope Facility.
Above-and below-ground biomass was harvested in 2006 in all experimental mesocosms. Above-ground biomass was sampled in a 10 ϫ 60-cm strip through the center of the pot and was separated into leaves, stems (for Quercus species, P. strobus, S. altissima, and L. capitata), and leaf litter. For the woody species, the clipped area contained two to three individual trees that were all harvested; this is equivalent to 33-66 individuals/m 2 . Below-ground biomass was sampled at three points within the clipped area at three depths (0 -10 cm, 10 -25 cm, and 25-50 cm) using a 2-inch-diameter core. For all species, below-ground biomass was assumed to be at steady state in 2006. Assuming that root biomass was at steady state, root ingrowth cores were put in place to determine annual root growth. These cores were placed down to a depth of 20 cm in May 2006 and harvested in late August 2006. Plant photosynthetic light response curves were generated using a Li-COR 6400 Portable Photosynthesis system (Lincoln, NE). For all non-woody species, above-ground tissue longevity (non-woody stems and leaves) was assumed to be 1 year. For the two deciduous oak species, leaf longevity was assumed to be 1 year, whereas for P. strobus leaf longevity was estimated to be 2 years based on observations that two cohorts of needles were present on the plant at the peak of the growing season.
Each pool of plant biomass (leaves, stems, litter, roots, and root ingrowth) was dried to a constant weight and analyzed for carbon and nitrogen content using combustion analysis from a Costech analytical ECS 4010 at the University of Nebraska Ecosystem Analysis Laboratory (Lincoln, NE). Plant biomass was converted to carbon mass using the measured carbon concentrations. For all non-woody species, annual carbon gain was determined as the sum of standing leaf carbon, stem carbon (for S. altissima and L. capitata), and root ingrowth carbon. For the two oak species, annual carbon gain was the sum of standing leaf carbon, 1/6 of stem carbon, and root ingrowth carbon. For P. strobus, annual carbon gain was the sum of 1/2 standing leaf carbon, 1/6 of stem carbon, and root ingrowth carbon. Only 1/2 of standing leaf carbon was used for P. strobus because leaf longevity was estimated at 2 years. Instantaneous carbon gain per unit leaf nitrogen was calculated using the leaf nitrogen content and measured photosynthetic rates at 1500 PAR. Plant nitrogen residence time was calculated as the inverse of annual plant nitrogen losses per unit standing plant nitrogen (48) . Annual plant nitrogen losses were measured as the sum of leaf litter nitrogen losses and root ingrowth nitrogen.
Data were analyzed in SPSS version 17 software (SPSS Inc., Chicago, IL). Species differences in plant and soil response variables were examined using one-way analysis of variance (ANOVA), with species as a fixed factor. Differences between individual species were examined using post hoc Tukey tests (P Ͻ 0.05). Overall regression N ϭ 38, F ϭ 34.9, R 2 ϭ0.49 P ϭ 0.000. The three eliminated variables all had P Ͼ 0.2.
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